The biochemical site where thyrotropic hormone (TSH) acts to initiate changes in metabolism remains uncertain. Field, Pastan, Johnson, and Herring (2) demonstrated a relatively immediate effect of TSH upon the oxidation of glucose lay a thyroid-slice system. TSH caused a greater increase in the oxidation to CO2 of carbon 1 than carbon 6 of glucose, and this was accompanied by an increase in triphosphopyridine nucleotide (3, 4). They suggested that a primary site of TSH action is at the nucleotide level and that changes in nucleotide concentrations result in an increase in glucose metabolism via the pentose cycle (PC).
t This study was performed during the tenure of an established investigatorship of the American Heart Association, whether or not the pattern of glucose metabolism attributable to TSH could be reproduced under other well-defined conditions.
METHODS AND MATERIALS
Procedure. Incubation conditions were only slightly modified from those of Field and associates (2) . Slices were prepared from beef thyroids obtained at the abattoir. The thyroids were removed from the steers immediately after exsanguination and before evisceration. They were chilled on ice during transport to the laboratory, and slicing was completed within 1 to 2 hours after the animals were killed. About 200 mg of slices was placed in a bottle containing 2 ml of Krebs-Ringer bicarbonate solution (6) with C14-labeled glucose or fructose at a concentration of 1 or 10 mg per ml. A 1-ml plastic cup was suspended above the solution by a wire inserted through a serum bottle-stopper. At the completion of the incubation, 0.2 ml of 2 N NaOH was added to the cup and 1 ml of 2 N H2SO4 to the medium by injection through the stopper. The bottles with contents were shaken for 30 minutes at 370 C to absorb the C`402 into the alkali. The contents of the cups were then added to a BaCl2 solution, and the resulting BaCO3 precipitate was plated and assayed for C14 activity in a proportional gas-flow counter.
Incorporation of C"4 into glycogen of the slices was determined following KOH digestion (7) . Nonradioactive glycogen was added as carrier to the digest, and precipitation was accomplished by ethanol addition. The glycogen was purified by repeat solution in water and precipitation with ethanol. It was then hydrolyzed in dilute sulfuric acid. In some experiments, osazones were prepared from the hydrolysates, plated, and assayed for C14 activity (8) . In the majority of the experiments, samples of the glycogen hydrolysate were assayed in a liquid scintillation counter with dioxane containing naphthalene, 2,5-diphenyloxazole (PPO), and 1,4-bis-2(4-methyl-5-phenyloxazoyl) benzene (dimethyl POPOP) as solvent (9) . Results identical to those obtained with osazones have been demonstrated, and the method has proved more efficient in time as well as in counting.' When glucose-2-C14 or fructose-2-C'4 was the labeled substrate, the glycogen was isolated by precipitation with ethanol of a KOH digest, followed by extraction with trichloroacetic acid and repeat precipitations. It was hydrolyzed, and the resulting glucose was degraded with Leuconostoc inesenteroides (12) , so that the activity in each of the six carbons of the glucose was determined. As a control, it was shown that glycogen isolated from slices added to the medium, but not incubated, contained no radioactivity. The specific activity of the labeled glucose or fructose added to the medium was assayed as barium carbonate following combustion by the method of Van Slyke and Folch (13) .
Substrates. Glucose-l-C14 (lot 64-63) and -6-C14 (lots 64-64 and 12-1-2037) were obtained commercially.2 On incubations of the Krebs-Ringer solution containing glucose-1-C14 in the absence of slices, radioactivity representing 0.07% of the added counts was assayed in the barium carbonate plate. This "carbonate-like" activity was present in the glucose added and not formed during incubation, since 1) as much radioactive "carbonate" was obtained on acidification of the solution without incubation as after 2 hours of incubation, 2) penicillin and TSH on addition to the medium did not change the quantity, and 3) the amount of activity isolated was directly proportional to the number of counts added as glucose.
The contaminant was completely removed by acidification with HSO, of the aqueous solution of the glucose-i-C14, treatment with CO,, and deionization by passage through a Duolite-C-3 ion-exchange column in the H+ form packed above Duolite-A-4 in the OH-form. Glucose was isolated from the effluent by lyophilization and used in the experiments to be reported.3 Glucose-6-C14 contained only trace contaminant, but was also purified. In each experiment, control flasks without tissue were incubated and CO2 was collected to assure the absence of C'40,. lent per 100 mg of thyroid for nine thyroids). In confirmation of the observations of Freinkel (11) Fructose-i-C'4, -2-C'4, and -6-C14 were prepared from the corresponding specifically labeled glucoses by the method of Muntz and Carroll (16) , except that an intermediate step was introduced in which the fructose was incubated with glucose oxidase in the presence of a small quantity of nonradioactive glucose, the solution was deionized, and the fructose was then isolated by paper chromatographic techniques. This additional procedure was introduced to assure removal of any trace contamination by radioactive glucose.
Glucose-2-C'4 and mannitol-l-C'4 were obtained commercially. 4 The following hormones and other materials were used: a TSH preparation (lot 216-175-5) with an activity of approximately 0.9 U.S.P. U per mg 5 Each column and associated solid bar represents the mean + SE for the number of incubations recorded below each column. The ratio of the yield of C1402 from C-1 and C-6 for each period of time in the absence (-) and presence (+) of TSH is also presented.
grams of substrate oxidized to CO2 or incorporated into glycogen per 100 mg slices. In each experiment, slices from one thyroid gland were distributed in a number of vessels so that responses to several conditions could be examined. In some experimental designs, insufficient slices from one gland were available to permit examination of all the conditions desired. In this circumstance, an experiment with one gland was performed under some of the conditions, and in a second experiment with another gland, the other conditions were examined. Mean and standard error of the results of the incubations under each condition are recorded. The number of incubations, as recorded in the data to be presented, therefore represents the results obtained on incubating that number of vessels under the specified condition, each vessel containing slices from a different thyroid gland. Where comparisons of responses to the different conditions could be made in the same group of thyroids, standard errors were obtained with the mean square error term of the analysis of variance used to reduce the contribution of animal variation (17) .
RESULTS
Maximal TSH effect and incubation time.
Studies were performed at a medium glucose concentration of 1 mg per ml. In the initial experiments, the effect of adding a TSH preparation, 0.9 U per mg, in a concentration of 0.25, 0.5, and 1.0 U per ml on the oxidation of glucose-1-C1 to CO2 during a 1-hour incubation was determined. A maximal response was obtained at 0.5 U per ml, and this concentration was used in subsequent experiments unless otherwise indicated. In Figure 1 the results on incubation of glucose-1-C14 and -6-C14 in the absence and presence of TSH, 0.9 U per mg, for periods of 30, 60, and 120 minutes are recorded. TSH increased the oxidation of both C-1 and C-6 to CO2. The ratio of CO2 yield from C-1 compared to C-6 decreased with time. Field and associates (2, 18) have made similar observations. During the first 30 minutes, the ratio appeared higher in the presence than in the absence of TSH, but despite the number of observations, this result is not statistically significant (p > 0.05).
Effect of increasing glucose concentration. When the medium glucose concentration was increased to 10 mg per ml (Figure 2 ), both the oxidation of C-1 and C-6 of glucose to CO2 was greater than at 1 mg per ml (see Figure 1) , and TSH increased this oxidation. These increases at 10 mg compared to 1 mg per ml are presumably attributable to a greater availability of glucose intracellularly resulting from the higher concentration of glucose presented to the slice. In an effort to eliminate possible physical effects of the high concentration, for example, osmotic changes. glucose at 1 mg per ml was incubated in the absence and presence of mannitol at 9 mg per ml. The mannitol was selected as a relatively nonmetabolized sugar, which might reproduce the physical effects of a high concentration of glucose. Only a negligible quantity of C140, was formed on incubation of mannitol-i-C"4 with thyroid slices. The presence of mannitol proved without influence on the oxidation of glucosei-C14 and -6-C14 to C1402 in the absence and presence of TSH.
The C-1 to C-6 ratios observed at a glucose concentration of 1 mg per ml in the presence of TSH ( Figure 1 ) are compared with the ratios at a concentration of 10 mg per ml in the absence of TSH ( Figure 2 ). For the same quantity of C-1 of glucose oxidized, a proportionally greater quantity of C-6 was oxidized at the higher than the lower concentration. For example, 5.24 Kg of glucose-l-C14 and 0.38 jug of glucose-6-C14 (ratio 13.8) were oxidized to CO2 at a concentration of glucose of 1 mg per ml in the presence of TSH after 30 minutes incubation. In contrast, when 5.49 Mug of glucose-i-C"4 at a concentration of 10 mg per ml was oxidized to CO2 in the absence of TSH (60-minute period in Figure 2 ), 1.43 Mg of glucose-6-C" (ratio 3.8) was oxidized.
Quantitative estimation of PC. The ratio of the yield of C-1 and C-6 to CO2 in the absence of TSH, although much greater than 1, does not quantitate the percentage of glucose metabolized by the PC, and the increase in ratio with TSH may not reflect a change in this percentage. Katz and Wood (19) have presented a method for quantitating the contribution of the PC to glucose metabolism. It is based upon the randomization of C14 of labeled glucose during its incorporation into glycogen. Figure 1 except that glucose concentration was 10 mg per ml. The ratio of yields of C14 in CO2 from C-1 compared to C-6 when fructose was labeled approached, but did not attain, the ratio with labeled glucose whether or not TSH was present. The differences, however, are not statistically significant except when both substrates were to- gether in the presence of TSH. Between one-fifth and one-twelfth as much fructose as glucose was oxidized to CO9. These results are for incubations lasting 2 hours. Fructose-2-C"4 was also incubated with thyroid slices in the absence of TSH, and the glucose from glycogen degraded. Randomization (Table III) was similar, though suggestively less than when glucose-2-C14 was substrate.
TSH effect on glycogen. The quantity of glucose incorporated into glycogen at glucose concentrations of 1 and 10 mg per ml in the absence and presence of TSH is illustrated in Figure 3 . Incorporation consistently was less in the presence than in the absence of TSH.
Effects of other hormonies. Insulin, 0.5 U per ml, in contrast to TSH, did not influence the oxidation of glucose-i-C'4 and fructose-i-C14 to C1402 and their incorporation into glycogen. Epinephrine at a concentration of 10-4 M in- Table I. creased the oxidation of glucose-1-C14 to C1402, although not to so great an extent as TSH at a concentration of 0.5 U per ml. Glucagon, 10 ,ug per ml, was without effect. Epinephrine, however, in contrast to TSH, did not decrease the incorporation of glucose into glycogen. No effect was noted when thyroid slices were incubated with adenosine 3',5'-monophosphate (cyclic 3',5'-AMP) at 10-5 to 10-2 M. Adenosine 3'-monophosphate and adenosine 5'-monophosphate were also without effect.
Comparison of TSH preparations. The Armour TSH preparation, 0.9 U per mg, and a more extensively purified preparation, 30 U per mg, were compared by incubating slices in their absence and presence, both at a concentration of 0.5 U per ml. The increase observed in the oxidation of glucose-i-C'4 to C1402 and the decrease in C14 incorporation into glycogen was the same for both preparations.
Effect of concentration of TSH. In the experiments described thus far, the TSH concentration was 0.5 U per ml. After observing the effects of TSH at this concentration on the oxidation of glucose to CO, and its incorporation into glycogen, a series of experiments was performed to determine at what concentration the effects disappeared. To avoid the adsorption on glassware of TSH, when present at low concentration, albumin, 1 mg per ml, was added to the medium (20) . In preliminary experiments, gelatin, 1 mg per ml, was also used (21). Field and associates (2) have previously presented data suggesting that albumin decreases glucose oxidation. Neither albumin nor gelatin appeared to change the quantity of glucose-i-C14 oxidized to CO2 or incorporated into glycogen when compared with a medium without these additions. The response to TSH with decreasing concentrations appeared the same whether Thytropar or a TSH preparation, 7.2 U per mg, was used. In almost all of the incubations, the results of which are now to be presented, These did not significantly affect the oxidation of glucose-i-C"4 to C1402 or the incorporation of C14 into glycogen. Incubations of slices from nine thyroids were also performed with LH, FSH, growth hormone, and ACTH, each at a concentration of 2.5 jug per ml. Incorporation into glycogen of glucose-i-C"4 was 78% for LH, 94% for FSH, 85% for growth hormone, and 89% for ACTH of the base-line buffer value, whereas TSH, 0.1 U per ml, decreased the incorporation to 48%. The standard error of the series was ± 7%b. The effect of the LH preparation is in accord with its content of TSH 0.06 mU per Mug, as reported by the Endocrinology Study Section. '3 Incubations of 30 minutes duration were also performed ( Figure 5 ). TSH significantly decreased incorporation of glucose into glycogen at a concentration of 0.032 (p < 0.05), but not 0.0064 mU per ml. Again the oxidation of glucose-1-C14 to C1402 was depressed below the control value at these low TSH concentrations.
DISCUSSION
The thyroid-slice system employed in these studies is parallel in response to that described by Field and associates (2) (22) in that: 1) TSH increased the oxidation of C-1 and C-6 of glucose to C02; 2) the C-1 : C-6 ratio of C140., yields appeared greater in the presence than the absence of TSH, at least during the initial period of incubation; and 3) the quantity of TSH producing these effects was large when compared to probable physiological concentrations. Dumont (20) noted an increase in glucose oxidation to CO2 at a TSH concentration of 1 mU per ml, under conditions in which albumin was added to the incubation medium, and Field and co-workers (4) observed effects at 0.05 mU per ml in canine thyroid glands.
C140, production from glucose-1-C14 and -6-C14 does not of itself reflect the contribution of the PC to the metabolism of glucose, but estimations based upon the randomization of glucose-2-C14 do (19) . Results obtained by this method indicate that only a small percentage of the total quantity of glucose utilized by the thyroid is metabolized via the PC. At least during the early period of TSH incubation, however, a manifold increase in PC contribution appears to occur. The accompanying increase in TPNH could have profound effects upon metabolism. Dumont (23) has reported changes in C-1 to C-6 ratios of C1402 yields from glucose-C14 with time on incubation of thyroid slices in the absence of TSH and has estimated from these yields that 75% of the CO2 produced from glucose was via the PC.
The estimation of PC contribution from the randomization of C-2 of glucose during its incorporation into glycogen assumes a system where there is "complete recycling," i.e., isotopic equilibration between glucose 6-phosphate and fructose 6-phosphate. '4 In this circumstance, a single pool of hexose 6-phosphate may be considered to exist, such that the treatment of the label within the pool is independent of whether the label was originally in glucose or fructose. Thus, the ratio of C-1 : C-6 yields of C140, from glucose-and fructose-1-C14 and -6-C14 should be the same. Failure of equilibration would result in a lower ratio for fructose than glucose, since the carbons of fructose 6-phosphate, when compared to the carbons of glucose 6-phosphate, would be preferentially presented to 14A complete discussion of PC estimations in the presence of incomplete isotopic equilibration is in preparation by B. R. Landau Figure 4 except that incubation was for 30 minutes, and the results are for incubations of slices from 16 thyroids with TSH concentration ranged from 0.1 U to 0.0064 mU per ml. SE for concentrations from 0.0064 to 0.8 mU per ml have been calculated from the analysis of variance. CO, response at 0.032 mU per ml is significantly below base line at p < 0.05. The average of the four concentrations is significantly below base line with p < 0.001. The increase in oxidation above base line at 0.1 U per ml is also highly significant. All glycogen responses are significantly below base line except at a TSH concentration of 0.0064 mU per ml.
the Krebs cycle rather than the PC. That the CO2 ratios for fructose-i-C14 and -6-C14 approached those for glucose-i-C"4 and -6-C14 at a 2-hour incubation (Table II) (Table II) , when TSH and both substrates were present, the greatest quantity of hexose might be expected to be subject to the rate of isomerization of fructose 6-phosphate to glucose 6-phosphate.
In accord with this, only in the presence of both substrates and TSH was there a significant difference in the ratio of CO2 yields from fructose and glucose (Table II) . Other evidence of extensive recycling is obtained from the similar distribution of C14 in glycogen, whether fructose-2-C14 or glucose-2-C14 was substrate. Again, changes in pathway contributions associated with changes in substrate must be assumed negligible. At less than complete recycling, an estimation with glucose-2-C14 randomization is lower than the actual value. Therefore, the PC estimations represent minimal values, but probably close approximations.
A steady-state condition must also be assumed to exist for making these estimations. The longer the period of incubation, the more likely it is to have been attained. Although ratios of C140, yields from glucose-i-C14 and -6-C14 (Figure 1) had not become constant, at least at 30 minutes, steady state for hexose 6-phosphates may well have been established by this time. This is so, since the achieving of isotopic steady state in a pool will be faster, the smaller the pool and the shorter its distance from the substrate. The similar distributions in glycogen with glucose-2-C14 as substrate, at 30 and 120 minutes in the absence of TSH, supports the assumption that steady state for the hexose 6-phosphate was achieved within 30 minutes. It is further assumed that fructose is metabolized in thyroid via fructose 6-phosphate and not fructose 1-phosphate. The similar distribution in glycogen whether glucose-2-C"4 or fructose-2-C14 was substrate is in accord with this assumption. If metabolism was via fructose 1-phosphate, as in the liver, in comparison to the pattern with glucose-2-C' with fructose-2-C14, more activity would have been expected in C-5 relative to C-2.
The increase in percentage of PC with TSH addition need not be consequent to a direct action of TSH on this pathway. For example, the proportion of glucose that traverses this pathway compared to other pathways could depend upon the concentration of glucose 6-phosphate present and the relative affinities of the pathways for this substrate. Thus, at high glucose 6-phosphate concentrations, other pathways may be saturated so that a greater proportion of glucose xvill traverse the PC. Field and co-workers (2) did consider the possibility that TSH acted by increasing the intracellular entrance of glucose (and thus the quantity of glucose 6-phosphate). They disposed of this mechanism with the observation that insulin increased glucose uptake by the thyroid slice, but not its oxidation to CO,. This assumes that the greater disappearance of glucose from the medium was the result of an action of insulin on the transport of glucose into the cell. We have been unable to demonstrate either a stimulation of glucose oxidation or glucose incorporation into glycogen on insulin addition. Increasing medium glucose concentration is generally considered another method for studying the effects of increasing the quantity of glucose entering into cells in vitro (24) . With increase in glucose concentration, the oxidation of glucose-i-C14 and -6-C14 to C1402 was increased. The C-1: C-6 ratios were not as large as (25) . Neither ACTH, epinephrine, growth hormone, glucagon, FSH, insulin, LH, nor prolactin in the concentrations studied appears to af-fect the incorporation of C'4 of glucose-1-C'4 into glycogen. Dumont (20) and Pastan and associates (25) have concluded that an increase in oxidation of glucose occurs on addition of TSH at concentrations in the physiological range. Dumont refers to a TSH concentration of 0.5 mU per ml in human plasma (26) . The concentration normally present in blood remains in doubt (27) . Thus, for example, the estimate of Bates and Condliffe has recently been revised downward to 0.01 mU per ml (28) . The effect of TSH on the incorporation of glucose into glycogen occurred at concentrations where increases in glucose oxidation were not observed and where yields of C1402 were significantly below base line. A decrease in incorporation was detectable at a concentration of 0.032 mU per ml (0.005 ,ug per ml of the TSH preparation employed), whereas an increase in C1402 production from glucose-1-C'4 was observed only at a much higher concentration. The decrease in the quantity of C1402 formed at the low TSH concentrations could be in accord with a dilution of the glucose-C14 entering the thyroid cells by nonlabeled glucose 6-phosphate formed from glycogen breakdown. The significance of the decrease in incorporation of glucose into glycogen, however, remains uncertain, especially with the low concentration of glycogen in the thyroid. Freinkel previously suggested (29) that the primary site of TSH action might be at the preformed intracellular stores of substrates, as glycogen, and noted that the stimulation of thyroid oxygen consumption by TSH in vitro does not require the presence of any organic substrate in the medium.
It was considered possible that a site of action of TSH might be at the level of glycogen breakdown. Such a mechanism would parallel that proposed for ACTH on the phosphorylase system in the adrenal (5) and for chorionic gonadotropin in the corpus luteum (30) . In agreement with the observation of Field and co-workers (4), however, cyclic 3',5'-AMP did not simulate TSH action on thyroid slices. This negative result may be a consequence of the failure of the nucleotide to enter readily into cells. Field and associates (4) reported a very low level of phosphorylase in thyroid. Klainer and co-workers (31) recently reported an apparent increase in the formation of cyclic 3',5'-AMP on addition of TSH preparations to particulate preparations from sheep thyroid.
SUMMARY
Beef-thyroid slices have been incubated with specifically labeled glucose under conditions designed to investigate the biochemical effects of thyrotropic hormone (TSH) action on carbohydrate metabolism. The oxidation to CO, of carbon 1 and carbon 6 of glucose was increased by the addition of a TSH preparation, and the incorporation of the carbons into glycogen decreased. Increasing the concentration of glucose in the incubation medium also increased oxidation, but the C-1 to C-6 ratio of C1402 yields was less than with TSH. From the extent of the randomization of C-2 of glucose and fructose during their incorporation into glycogen and the relative yields of C1402 from glucose-and fructose-i-C"4 and -6-C14, it is estimated that only a small fraction of the glucose utilized by the thyroid is metabolized via the pentose cycle. This fraction, however, is larger in the presence than absence of TSH. Epinephrine, but neither ACTH, follicle-stimulating hormone (FSH), glucagon, growth hormone, insulin, luteinizing hormone (LH), nor prolactin increased the oxidation of glucose, and none of these decreased the incorporation of glucose carbon into glycogen. The metabolic changes observed on TSH addition do not appear to be ascribable solely to the greater intracellular availability of glucose, and the physiological relevance of the observation of increased oxidation of glucose-C14 to C1402 remains uncertain. A decrease in the oxidation of glucose-i-C14 to C1402 and in its incorporation into glycogen occurs at relatively low TSH concentrations.
